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INTRODUCTION

Phenolic compound* are frequently referred to a* “secondary41 meta¬
bolites,

The metabolism of aromatic phenolic compounds, however, is

highly significant for a number of reasons.

They are intermediate in

the biosynthesis of various plant constituents such as lignins and tan¬
nins (Brown, 1964), flavonoids and coumarins (Neish, 1964).

They are

factors in disease resistance (Hare, 1966) and have been implicated as
endogenous growth regulators (Finkle, 1967).

Phenolic compounds are

substrates for the browning reaction in injured, diseased and senescing
tissue (Udenfriend, Lovenberg and Sjoerdsma, 1959)•

Nevertheless de¬

spite the importance and ubiquitous distribution of phenolic compounds
in nature, the metabolism of these secondary metabolites has not been
extensively investigated (Conn, 1964).
It is well known that, in vitro, phenolic compounds are oxidized by
enzymes referred to as polyphenoloxidases (PPO), (Enzyme Commission Type
10.3.1).

Typically, the polyphenoloxidases possess, using the terminol¬

ogy of Mason (1957)# both cresolase and catecholase functions.

That is,

the enzymes catalyze the oxidation of a monophenol to an o-diphenol
(cresolase activity) and further oxidize the diphenol to form an
o-diquinone (catecholase activity).

Subsequent non-enzymatic oxidation

of the diquinone results in the formation of the pigment, melanin.

The

polyphenoloxidases have received considerable attention over the years,
however, their mode of action and biological function in the plant king¬
dom remains obscure (Bendall and Gregory, 1963)#

The accumulation of a diphenolic compound in the presence of PPO
presents two basic questions.

First, how can a diphenol accumulate in

the presence of an enzyme known to catalyze its oxidation without being
oxidized?

Secondly, is the formation of the diphenol the result of the

cresolase activity of the PPO catalyzing the hydroxylation of a mono¬
phenol?

Mason (1959) suggested that the oxidation of a diphenol by PPO

occurred only in vitro, or in injured or diseased tissues, a mechanism
controlled possibly by: (a) inhibitors, or lack of inhibitors, or both,
(b) enzyme activators or coenzymes, (c) different enzymes.

He further

reasoned that PPO activity in vivo was limited to the cresolase function
of the enzyme.
Intensive study of the enzyme PPO in plant tissue until recently
has been primarily limited to the mushroom.

The assessment of PPO from

other forms of plant tissue is now contributing a broader understanding
of PPO and its activity.

This investigation was undertaken with the

objective in mind of finding another hydroxylating enzymic system which
might serve as a model to study phenol biosyntheses.

The banana fruit

was chosen because it is a readily available tissue rich in the diphenol
dopamine.

Preliminary experiments (Marsh, unpublished) suggested that

the banana contained an atypical enzyme system capable of hydroxylating
tyr amine.
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LITERATURE REVIEW

Cresolase activity of polyphenoloxidase has been discussed in the
literature under a variety of names, i,e, s cresolase, monophenoloxidase,
hydroxylase, tyrosinase.

Since many polyphenoloxidases catalyse the

oxidation of tyrosine (fig 1), the term tyrosinase is used most frequent¬
ly throughout the literature.
One of the most perplexing problems in this area is the question of
f

whether the “phenolase complex” (PPO), since it catalyses reactions of
different types, is composed of a single ensyme or different but similar
ensymes.

Kertess and Zito (1962) suggested that a single enzyme was

functioning in both cresolase and catecholase roles.

Their conclusions

were based on the apparent size and electrophoretic homogeneity of the
enzyme preparation.

In order to explain the varying ratios of cresolase

to catecholase activity, they suggested that the cresolase function is
more easily inhibited and therefore is diminished in purification,
Frieden and Ottesen (1959) report a single peak of PPO activity from a
purified mushroom extract following DEAD chromotography, suggesting a
single protein,
A multi-protein system has been suggested by Dressier and Dawson
(1961),

Smith and Krueger reported in 1962 the separation of 4 pheno-

lases from the common mushroom.

These investigators collected fractions

from a hydroxylapetite column which showed (a) cresolase activity with
no catecholase activity, (b) an intermediate type with a catecholase/
cresolase ratio of 17s1# (c) a high cresolase fraction with a
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Abbreviated molecular structures of phenolic compounds

cussed in the text.

-5catecholase/cresol&se ratio of 1.3s1* and (d) a high catecholase fraction,
with a catecholase/cresolase ratio of 115:1.
On© of th© earliest indications that tyrosinase might be a two pro¬
tein system was reported by Mallette et al. in 1948.

These investiga¬

tors separated a mushroom phenolase complex into a high oresolase frac¬
tion whioh showed a cresolase/catecholase ratio of 5*6 and a high catecholase fraction with a catecholase/cresolase ratio of 6,9#

Fling,

Horowitz and Hememann (1963) separated 4 forms of tyrosinase from
Neurospora.

Although the forms had similar substrate activity, they

were distinguishable by their differences in thermal stability and
electrophoretic properties.

Fling et al. suggested the active forms may

be alleles of the same enzyme.

They were able to crystalize two allelic

tyrosinases and estimated their molecular weights to be 33*000 + 2,000.
Bouchilloux, McMahill and Mason (1963) also obtained 4 forms of tyrosin¬
ase from mushroom, three of which were essentially pure.

They reported

that the 4 isoenzymes displayed different activities toward mono and
diphenols, but had very similar amino acid composition.

Further work by

Jolley and Mason (1965) led them to conclude that the isozymes of mush¬
room tyrosinase are, to a certain extent, interconvertible depending on
conditions of pH, ionic strength, and protein concentration.

Further,

"the existence of unlike sub units, one largely cresolase-active and the
other catecholase-active, combining in several proportions may explain
the observed difference among the multiple forms of tyrosinase toward
mono and diphenols and the reports of active enzymes with low molecular
weight."
More recently, Robb, Mapson and Swain (1965) reported the hetero" geneity of the tyrosinase of the broad bean (Vioia faba L.),

They

,6.
detected, however, only a difference in charge distribution in the mul¬
tiple forms.

Molecular size, copper content and activity characteris¬

tics among the forms appeared to be identical.

Mitchell and Webber

(1965) reported at least 4 PPO components in Drosophila melanogaster.
Three of the components each gave rise to a phenoloxidase by reaction
with the fourth component.
Dressier and Dawson (1961) performed a series of experiments in
which they labeled mushroom tyrosinase with

Cu.

Their data suggested

the presence of two distinct activity sites and, contrary to some of the
early thoughts of Mason, the authors concluded that the oxidation of a
monophenol does not proceed via an o-dihydricphenol.

The oxidation of a monophenol by tyrosinase normally does not com¬
mence when the substrate and enzyme are combined, but rather the reac¬
tion exhibits a definite lag phase.

Arnaud (1966) reported eliminating

the lag period in the oxidation of tyrosine by mushroom PPO by irradi¬
ating the substrate with 20,000 rads.

Kertesz and Azzopardi (i960) pre¬

viously had demonstrated that the induction of tyrosinase was eliminated
by the addition of a small quantity of o-diphenol.

Arnaud concluded

that the irradiation oxidized some of the tyrosine to dopa and there¬
fore accelerated the reaction.

He further suggested that dopa either

acted as a catalyzer or as a specific enzyme effector.
Dopa was also reported catalytic in a tyrosine reaotion with gold¬
fish PPO by Chen and Chavin (1965).

They found that 2 micrograms (jig)

of dopa in the reaction mixture stimulated the oxidation of tyrosine,
however, 4 ^ig of dopa dominated the reaction, hence completely masking
the monophenolase reaction.
Mason (1956a) suggested that the lag exhibited in many reactions

-7involving mixed function oxidases may sometimes be caused by the absence
of a suitable hydrogen donor,

Pomerantz (1966) reported the most suit¬

able hydrogen donor in a mammalian tyrosinase system was catalytic
amounts of the end product, dopa.

Other typical hydrogen donors reduced,

but did not eliminate, the lag period.
Although ascorbic acid inhibits melanin formation (Palmer, 1963)»
the need for a reducing agent in the oxidation of a monophenol has been
reported by many investigators.

Ascorbic acid serves this function in

many systems (Mason, 1956a; Ingraham, 1966),

Nair and Vining (1965)

reported tetrahydrofolic acid and NADH best filled the role as external
electron donors in a cinnamic acid hydroxylase system from spinach,
Pisano, Creveling and Udenfriend (i960) found ascorbate, fumarate, and
ATP stimulatory in the enzymatic conversion of tyramine to norsynephrin.
The paradox of the apparently varied functions of ascorbic acid in dif¬
ferent reactions may be explained, in part, by the observations of
Bernhein et al, (1952) that ascorbic acid inhibits NADH requiring oxi¬
dases,

Friedman and Kaufman (1965) working with dopamine B-hydroxylase

extracted from beef adrenal glands concluded that their purified enzyme
was in an inactive oxidized form.

Upon addition of ascorbic acid, the

enzyme became '’reduced** and potentially active.

The enzyme remained

reduced for 10 minutes in the absence of its substrate.

The authors

further claimed that the substrate, dopamine, in the absence of ascor¬
bate could, to a limited degree, interact with the enzyme to become both
reduced and oxidized.

Robb et Al, (1965) reported the tyrosinase which

was inactive as isolated from the broad bean, was activated by manoxal
(bis-( 2-ethylhexyl) sodium sulphosuccinate) and urea,
Nagatsu, Levitt and Udenfriend (1964) report DNPHif

-8(2-amino-4-hydroxy-6,7-dimethyltetrahydropteridine) and, to a leaser
extent, tetrahydrofolate plus Fe* stimulating in a tyrosine hydroxylase
extract from brain tissue.

They pointed out, however, that the above

may only be substituting for naturally occurring cofactors lost during
the purification process.
An interesting observation is reported by Walker (1962) that,
although ascorbic acid is widely used in the food industry to prevent
the browning of prepared fruit, he could find no correlation between the
ascorbic acid content of apples and the degree of browning they under¬
went when exposed to the air.
An intriguing property of the PPO system that has been described by
many observers (Miller and Dawson, 1941; Asimov and Dawson, 1950;
Ingraham, 1955) is the apparent reaction inactivation.

Typically, the

inactivation of the enzyme system occurred only when the enzyme was in
the presence of its substrate and followed a period of rapid catalysis
resulting in a retardation or complete cessation of activity.

Ingraham

(1966) describes the inactivation as being similar to that observed with
many inorganic catalysts.

Smith and Krueger (1962) point out that the

cresolase is more resistant to this inactivation than high catecholase
enzymes.

Walker (1964) observed catecholase reaction-inhibition working

with apple PPO.

He reports that the inhibition can be completely over¬

come with the addition of more enzyme to the reaction mixture after the
reaction stopped.

Additional substrate added to an inhibited reaction

made little or no difference, suggesting that the inactivation had
occurred before all the substrate had been utilized.
The mechanism of this inhibition has not been illucidated, however,
several investigators have concluded that PPO systems were inhibited by

-9-

the end products of the reaction (Walker, 1964; Nagatsu et al,, 1964),
Ponerants (1966) reported that dopa competitively inhibited tyrosine
hydroxylation,

He furthermore found, that although ascorbate did not

inhibit the enzyme, it did reinforce dopa's inhibitory role when added
to the reaction.

Smith and Kirshner (i960) reported ascorbic acid

inhibitory in the formation of noradrenaline from dopamine by an extract
from the banana,

Makower (1964) has reported that reduced diphosphopyra-

dinenucleotid* (DrNH)

inhibited the browning of potato slices and the

oxidation of dopa by purified mushroom tyrosinase.

Recently, Wood and

Ingraham (1965) reported a study of the inhibition problem with mushroom
tyrosinase and labeled phenol as a substrate.

Upon inactivation they

recovered a radioactive protein and suggested nthat this inactivation is
due to the formation of a compound between the enzyme protein and the
product of oxidation,"
One type of phenolic substrate recognized in some tyrosinase reac¬
tions is the decarboxylated phenol-acid or amine.

In 1959# Udenfriend

published the results of an extensive search of coraaon fruits and vege¬
tables for physiologically active amines.

A partial listing of his data

is presented in Table I.
The amines have been extensively studied in animal nervous systems.
Serotonin, for example, if present in insufficient quantities in the
human brain may be a causitive factor in schizophrenia and other mental
diseases (Woolley, 1962).

Sourkes and Poirer (1966) recently have sug¬

gested that the lack of dopamine in brain tissue of both nan and the
monkey may induce Parkinson’s disease.

Norepinephrine has been well

established (Daly, 1967). to be the immediate precursor of epinephrine
(adrenalin) and is tbs product of the B-hydroxylation of dopamine.

Table I,

Amine content of fruits and vegetables (ug/g fr. wt.)

(Udenfriend, et al. (1959) Arch. Biochem. Biophys. 85:487)

Serotonin

Banana (Peel)
(Pulp)

Tryptamine

Tyr amine

Dopamine

N orepinephrine

50-150

0

65

700

122

28

0

7

8

2

O'-

Plantain

45

Tomato

12

4

4

0

Red Plum

10

0-2

6

0

Blue-Red Plum

8

2

Blue Plum

0

5

Avocado

10

0

23

4-5

Potato

0

0

1

0

0.1-2.0

Spinach

0

0

1

0

0

Grape

0

0

0

0

0

•

Trace
a

•

*

0

•

Orange (Pulp)

0

Egg Plant

2

0.1
0.5-3.0

10

0

3

0

Trace
0

'* *
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The physiological roles of serotonin and norepinephrine in plant
tissues remain obscure.

Palmer, however, in 1963 reported that dopamine

was oxidized by banana PPO to dopamine quinone which then underwent sub¬
sequent non-enzymatic oxidations to ultimately form the pigment melanin.
The scheme proposed by Palmer to illustrate the reaction mechanism in¬
volved in melanin formation from dopamine very closely resembles that
proposed by Mason (1959) who investigated the formation of melanin from
tyrosine, through dopa to dopa-quinone,

Buckley (unpublished observa¬

tions), speculating on the formation of dopamine in the banana and the
apparent similarity of the dopamine system with that of the dopa reac¬
tions of Mason (1959)• f1ed labeled tyramine in vivo and recovered la4

beled dopamine, suggesting that the monophenol tyramine was hydroxy lated
to dopamine.
Palmer's banana PPO, however, unlike the classical tyrosinase, was
r *

unable to catalyze the oxidation of monophenols.

It did oxidize a

variety of diphenols including dopa, although dopamine was the most
reactive.

Palmer states, "It is significant that dopamine is the most

reactive substrate for the banana enzyme since this compound occurs at
exceptionally high levels (1-2 mg/g fr, wt.) in the peel of the banana
fruit (E. H. Buckley, unpublished) and has been shown to be the only
significant substrate in the browning reactions of this fruit."

t
*

)

\

<
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MATERIALS AND METHODS

Tissue,

The tissue used In these experiments was the pulp (edible

portion) of the banana (Musa sapientum Linnaeus).
chased from a local food market.

The fruit was pur¬

No attempt was made to obtain bananas

of the same variety or country of origin.

Generally, the bananas pur¬

chased were the ripest available.
Reagents.

Ammonium sulfate, enzymological grade; protamine

sulfate, CP; 3,4-dihydroxyphenolethylamine (dopamine); 3,4-dihydroxyphenolethynolamine (L-dopa); and L-tyrosine were purchased from Mann.
Tyramine was purchased from Calbiochem, and Bio-Gel P-100 from Bio-Rad,
All other reagents were analytical reagent grade.

Glass-distilled water
%

was used throughout.

Doubly glass-distilled water was used in all

fluorometric procedures.
Enzyme Assay.

The standard tyramine hydroxylase assay was adapted

from banana PPO assay of Palmer (19^3).

The increase in optical den¬

sity at 470 mjj was followed at 30° with a Beckman DU-2 Spectrophotometer
equipped with a sample chamber heater.

The standard reaction mixture

contained 80 pmoles of potassium phosphate, pH 6.0, 10 pmoles of tyr amine
and stifficient enzyme to cause an increase in optical density of 0,02 to
0.07 per minute, in water to a final volume of 3 ml.
than standard are explained in the text.

Reactions other

One unit of activity was defined

as a rate of change in optical density of 0.100 in 1 minute.
Some assays were run indirectly, following the oxidation of ascorbic
acid at 265 rap (Palmer, 1963).

A standard reaction mixture was used

13with the addition of 1 pmole of ascorbic acid*
Preparation of Acrylamide Column,

Bio-Gel P-100 was prepared

according to the procedures supplied by Bio-Rad*

The gel was hydrated

by adding the dry beads slowly, with constant stirring, to 0.04 M potas¬
sium phosphate buffer, pH 6*0, in a volume 10 times the water regain
value of the gel.
period.

The buffer was changed twice in the 24 hour hydration

Glass columns 1 X 32 cm were fabricated and doubly coated with

a solution of 1$ dichlorodimethylsilane in benzene, dried thoroughly at
60°, and packed with the gel material.

Packing the column bed was accom¬

plished by pouring a suspension of the hydrated gel into the column and
allowing the bed to settle as buffer passed through the outlet.

The

packed column (IX 20 cm) was rinsed with several volumes of buffer
before the extract was introduced.

Before applying the sample to the

column, the buffer level was allowed to drop to the top of the gel.

The

extract was carefully placed onto the gel-bed with a curved-tip pipette*
After the sample entered the gel, buffer was added, gradually filling
the column area above the gel.

When sufficiently full, the column was

connected to the buffer reserve and allowed to run until the elution was
complete.

The effluent was collected in test tubes on an Isco automatic

fraction collector.
Protein Estimation.

All protein determinations were performed

using the method of Warburg and Christian (1942).
Fluorometric Analysis.

For use in fluorometrio procedures, stan¬

dard reaction mixtures containing 48 pmoles of potassium phosphate buf¬
fer, pH 6,0, 60 /Umoles tyramine and enzyme in a final volume of 18 ml

o

were prepared in test tubes and immersed in a water bath at 30 •

Reac¬

tions were started by the addition of substrate and stopped at scheduled

-14intervals by placing 3 ml aliquots into cold test tubes containing suf¬
ficient 1 N HC1 (0.24 ml) to lower the pH of the mixture to 1,0*
Specimens containing known weights of authentic dopamine were prej

pared by serial dilution.

All authentic dopamine samples were subjected

to the same incubation and acid treatment as the reaction mixtures.

Sam¬

ples of known weights of tyramine, tyrosine and dopa were prepared as
above to check the specificity of the assay procedure.
Preparation of the fluorophore was done according to the procedure
of Carlsson and Waldeck (1958) .

The pH of the sample was adjusted to

6.5 with the addition of an appropriate volume (0.24 ml) of 1 N NaOH.

A

1 to 3 ml sample was placed in a test tube with 0.5 ml of 0,1 H sodium
phosphate buffer, pH 6,3# and sufficient water to give a volume of 3.8
ml.

To this 0.05 ml of a 0.02 N iodine solution was added.

minutes, 0.5 ml of an alkaline sulfite solution was added.

After 5
After

another 5 minutes, 0.6 ml of 5 N acetic aoid was placed in the tube.
The samples were then irradiated in silica cuvettes for 10 minutes with
a short wave UVS-11 lamp.
Activation and emission spectra were obtained using samples pre¬
pared as above on a Turner "Spectro” spectrophotofluorometer or an
Aminco-Bowman spectrophotofluorometer.

Wave lengths used in obtaining

activation and emission spectra were 3725 A and 3298 A respectively on
the Turner and 380 m^i and 315 mp on the Aminco-Bowman instrument.

\

t
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RESULTS
The preliminary observation* of Marsh and Buekley suggested that
the product of tyramine oxidation was dopamine.

To study this hydroxyl-

ation system, it was necessary to purify the enzyme.

The first attempts

were made with fresh banana pulp using a technique adapted from Palmer
(1963).
Fresh Extract Preparation.

Twenty grams of banana pulp were ground

in a chilled mortar with 40 ml of 0.04 M potassium phosphate buffer, pH
8.0.

The homogenate was strained through 6 layers of cheesecloth and

the filtrate centrifuged at 20,000 X g for 15 minutes.
natant fluid provided a crude extract.

The syrupy super¬

Reactions were measured in test

tubes containing 0.5 ml extract, 40 >imoles potassium phosphate buffer,
pH 8.0, 10 junoles tyramine or dopamine, and water to a final volume of 3
ml.

The assay consisted of noting the time required for the appearance

of the red indole derivative described by Palmer (1963) •
and dopamine were apparently oxidized by this system.

Both tyramine

For unknown rea¬

sons, however, following the initial successes, tyramine-oxidizing activ¬
ity was no longer demonstrable in the fresh preparation although dopamine
oxidation was.

Variations of the pulp-to-buffer ratio (1:1, 1*4), the

addition of 10 mg Cutscum (Fisher Scientific Company) to the extraction
media, and the use of a buffer composed of 0.005 M ascorbic acid and
0,04 M potassium phosphate, failed to yield an active preparation.
After repeated unsuccessful attempts to determine why the extract was no
longer active toward tyramine, attention was given to the preparation of

-16.
an extract from an acetone powder.
Acetone Powder Preparation.

One hundred grains of over-mature banana

pulp were ground in 400 ml of cold, 95$ ethanol in a chilled Waring blen¬
der for 1 minute.

The blender was plugged into a Powerstat (Fisher

Scientific Company) set at 100 for the initial blending.

The slurry was

filtered on a chilled Buchner funnel through a Whatman #1 filter paper.
The residue was then combined with 200 ml of cold acetone and blended
for 1 minute with the Powerstat at 40.
the Buchner funnel.

The slurry was then filtered on

This acetone extraction was repeated twice.

The

dehydrated residue was spread on a large filter sheet to dry at room
temperature until the odor of acetone had disappeared.

The acetone pow.

der thus prepared varied from a fine white powder to a slightly gummy
tan-colored crumb.

The powder was collected in a stoppered glass con.
o

tainer, weighed, and stored at -20 .
Enzyme Preparation.

Unless otherwise noted, all preparative mani¬

pulations were performed at 0° to 4°.

The crude extract was prepared by

i

suspending 15 gm of the banana acetone powder preparation in 300 ml of
cold 0.04 M potassium phosphate buffer, pH 6.0,

The slurry was held for

at least 30 minutes before centrifuging for 30 minutes at 37*000 X g.
The supernatant fluid from this centrifugation (235 ml) was taken as the
crude extract (fraction I).

The precipitated residue was discarded.

After removing a 5 ml portion for assay, the pH of the crude extract
was adjusted to 5#5 with 1.0 N, H^PO^.

To this, 50 mg of protamine sul¬

fate suspended in 10 ml of 0,2 M sodium acetate, pH 5*5* was added slow¬
ly with constant stirring by a low speed electric stirrer, followed by
the slow addition of 23 ml of a 1$ CaCl2 solution.

The mixture was

allowed to equilibrate for 15 minutes with stirring and then centrifuged

17for 1 hour at 37*000 X g.

The supernatant fluid from this centrifuga¬

tion was taken as Fraction II (205 ml).

The pellet was discarded.

A 5 ml sample of Fraction II was taken for assay, and 300 ml of
cold (-10°) acetone was added slowly to the remaining 200 ml of Fraction
II.

The extract was stirred constantly while the acetone was added and

allowed to equilibrate with stirring for 15 minutes after addition of
the acetone was completed.

The precipitate formed was collected by cen¬

trifugation at 5*000 X g for 10 minutes.

The gummy pellet was suspended

ina minimum volume (70 ml) of 0.04 M potassium phosphate buffer, pH 6.0,
and stored at 0°,

After storage overnight, the suspended acetone pellet

was centrifuged at 37*000 X g for 1 hour to sediment the insoluble resi¬

due which was discarded.

The supernatant fluid was taken as Fraction

III (62 ml).
A 2 ml sample of Fraction III was removed for assay.

The remainder

(60 ml) was further fractionated by the slow addition with constant
stirring of 12.7 g ammonium sulfate.

After 15 minutes equilibration the

precipitate which formed was removed by centrifugation at 20,000 X g for
15 minutes.

An additional 12.7 g ammonium sulfate was added in the same

manner to the supernatant.

After a 15 minute equilibration a precipi¬

tate containing activity was recovered by centrifugation at 20,000 X g
for 15 minutes.

This precipitate was suspended in 5.6 ml of 0.04 M

potassium phosphate buffer, pH 6,0, and held for 2 hours at 0°, then
centrifuged at 37*000 X g for 15 minutes to sediment any insoluble mate¬
rial.

The clarified supernatant (fraction IV) was stored for 2 days at

-20°.
After thawing. Fraction IV was centrifuged at 20,000 X g for 15
V.

minutes.

The supernatant fluid was then termed Fraction V,

-18Fraction V was introduced into the top of a P-100 column (2.5 X 34
cm) which had been previously washed and equilibrated with 0.04 M potas¬
sium phosphate buffer, pH 6.0, and installed in a cold room at 0° to 1°.
Protein was eluted by continuous passage of 0.04 M potassium phosphate
buffer, pH 6.0, through the column at a flow rate of 0.5 ml/minute.

The

effluent was collected in approximately 5 ml fractions using an Isco
automatic fraction collector.

Fractions thus collected were routinely

assayed for tyramine and dopamine activity, and for protein content.
Fractions with the highest specific activity were combined (15 ml) and
precipitated with 12 ml of cold acetone.

The precipitate formed was
t

removed by centrifugation at 20,000 X g for 15 minutes.

The supernatant

was then combined with an additional 6 ml cold acetone.

After equili¬

bration at 0° for 15 minutes the precipitate was removed by centrifugai

tion at 5*000 X g for 10 minutes.

The pellet was suspended in 5 ®1 of
i

0.04 M potassium phosphate buffer, pH 6.0, (fraction VI),
The manipulations reported here resulted in a 15-fold purification
of the tyramine hydroxylase with approximately 50$ recovery of activity
(table II).

Fraction VI was essentially free of the viscous contamina¬

ting, non-proteinaceous materials (presumed to be polysaccharides) which
made the crude extracts difficult to handle.

There was no appreciable

loss of activity after 3 days storage at 0° and only 11$ loss during 2
months storage at -20°.

Fraction VI was used in all experiments except

when otherwise noted.
Enzyme Characteristics.

All preparations obtained from the acetone

powder of banana pulp were capable of oxidizing dopamine, tyramine and
tyrosine.

Typical results are shown in Figure 2.

The reactions repre¬

sented in Figure 2 displayed similar maximum rates (0.047, 0.047, and
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3

6

9

TIME (MIN)

Figure 2.
VI).

Oxidation of 3 phenols by partially purified enzyme (fraction

Standard reaction mixtures contained 80/imoles potassium phosphate,

pH 6.0, and the following in a final volume of 3 ml: 1 parable dopamine
and 3/ig protein (0.047 dopamine oxidase units) (———); 10 pinoles tyramine and 62 pg protein (0.047 tyramine hydroxylase units) (--); 10
^Jmoles tyrosine and 1.3 mg protein (0.050 tyrosine oxidase units) (-).
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0.050 OD units); however, the ratio of protein concentrations required
to achieve these rates was approximately 1:20:400, respectively.

Dopa

was also oxidized by Fraction VI at approximately the same rate as tyramine.
Reactions were customarily run at pH 6.0 on the basis of the obser¬
vations shown in Figure 3.

During the course of purifying the enzyme it

was found that tyramine oxidizing activity was 50# inactivated by hold¬
ing the extract at pH 4,0 for 30 minutes and completely inactivated
‘o

after 30 minutes at pH 3*5#

All activity was lost in extracts boiled

for 10 minutes.
It was postulated that the probable first reaction product in the
oxidation of tyramine was dopamine.
this supposition.

Fluorometric analyses confirmed

The curves shown in Figure 4 illustrate the activa¬

tion and emission spectra of an authentic sample of dopamine and a reac¬
tion mixture incubated 4 minutes at 30° with 10 pmoles tyramine.

The

activation and emission spectra were essentially identical (with excep¬
tion of an unknown activation peak to be discussed later).

Control sam¬

ples of tyramine and tyrosine did not fluoresce at these ware lengths.
Contrary to an earlier report (Carlsson and Waldeck, 1958)* the activa¬
tion spectra of the fluorophores of dopamine and dopa were similar but
not identical, and could be readily distinguished.
Typically, the tyramine reaction exhibited a lag or induction
period.

The lag time was reduced with higher enzyme concentrations (fig

5) but the faster reactions (over 0.050 units) were not proportional to
protein concentration.

Contrary to earlier reports by investigators

working with mushroom PP0 (kertesz and Azzopardi, 19&0; Amaud, 1966),
that trace amounts of the diphenolio reaction product would overcome the

r»
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Figure 3.

The effect of pH on tyramine oxidation by Fraction I enzyme
«

I

pH 5.2 was obtained using 0.04 M citric acid buffer, all other points
*

•

»

,

..

,*

were obtained using 0.04 M potassium phosphate buffers.

.

i

Reaction mix¬

tures contained 1.0 ml crude extract, 3.5 umoles tyramine, 40 umoles cit'

'

I

rate or potassium phosphate buffer, and water in a final volume of 3 ml.

ii

FLUORESCENCE

23-

Figure 4.

Activation and emission spectra of authentic dopamine and the

product of tyramine oxidation: 2 jig/ml authentic dopamine
standard reaction mixture with 10 ^nmoles tyramine and 0.018 tyramine
hydroxylase units (-).

The reaction was stopped after 4 minutes.

When the activating wavelength was varied, the emission wavelength was
set at 372.5 nyi.

When the emission wavelength was varied, the activa¬

ting wavelength was set at 329.8 191.

Fluorescence was measured in rela¬

tive units.

/

1

r
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2

4

6
TIME

Figure 5.

8

10

12

(MIN)

Tyramine oxidation with varying enzyme concentrations.

Stan-

i

dard reaction mixtures contained 10 jimoles tyramine and 33 pg protein
•

«

t

;

♦

.

(0.018 tyramine hydroxylase units) (-)# 66 jig protein (0.036 tyra¬
mine hydroxylase units) (———), and 132 ^ig protein (0.060 tyramine
hydroxylase units) (-).

-25lag period, the addition of dopamine at 1% the concentration of tyramine
had no detectable effect on the reaction (fig 6).

It is noteworthy that

the addition of up to 5$ dopamine had no significant effect on the lag
period or the rate of the reaction.

The induction period, however, was

greatly reduced, if not eliminated, by the addition of 1 /imole ascorbic
acid to the reaction mixture (fig 7)*

In addition, the ascorbate caused

the reaction to stop at a much lower level than normally observed.
Higher concentrations of ascorbate (2fimoles) completely inhibited the
spectrophotometric reaction.
The effects of ascorbic acid on tyramine oxidation were investi¬
gated further.

It was found that the enzyme preparation would oxidise

ascorbic acid in the presence of tyramine, as measured by the decrease
in absorbancy at 265 m^x (fig 8)«

Ascorbic acid was oxidized in the

absence of tyramine, but under these experimental conditions it also
underwent relatively rapid oxidation in the absence of enzyme (fig 8).
Because of the uncertainties inherent in the indirect spectrophoto¬
metric assays, an effort was made to obtain a direct estimate of dopa¬
mine formation by means of fluorometry.

The data presented in Figure 9

show that in a 2 minute reaction, 2 yumoles of ascorbic acid in the stan¬
dard 3 ml reaction mixture caused a 3-^old increase in the amount of
dopamine accumulated relative to the no-ascorbate control.
A second peak with maximum at 280 mp was evident in the activation
spectra in this and other experiments (cf also fig 4).

The identity of

this compound was not established, but it is interesting that ascorbic
acid, while promoting accumulation of the unknown compound, only doubled
the amount detected.

Storage of Fraction VI at -20

reduced the tyramine oxidizing activity by 11$.

for 2 months

In contrast, the

-26-

I

Figure 6.

Effect of addition of dopamine on tyramine hydroxylase acti%

vity.

Standard reaction mixture contained 10 ^imoles tyramine and 0.040

tyramine hydroxylase units.

Reaction with Q.l ^umoles added dopamine

(---) and without dopamine (-).

-27-

Fienre 7.
acid.

Tyraaine oxidation in the presence and absence of ascorbic

Standard reaction mixtures contained 10 proles tyraaine and 0.062

units tyraaine hydroxylase actirity, without ascorbic acid (-); and
with 1 jmole ascorbic acid (-— ).

*

-28-

Figure 8.

Oxidation of ascorbic acid by Fraction VI.

Standard reaction

mixture contained 10 ;umoles of tyramine, 0,062 tyramine hydroxylase units
and 0.2 ^oles of ascorbic acidi

All components were present, and the

reaction started at zero time by the addition of the ascorbic acid (-■).
Enzyme and ascorbic acid were present at zero time, tyramine was added at
the time marked by X (-——).

Tyramine and ascorbic acid were present

at zero time, enzyme was added at the time marked by Y (-).
lines continuing from X and Y are extrapolated.

Solid
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260

Figure 9.

285
310
WAVELENGTH

335
(M*J)

360

Comparison of dopamine and the product of tyramine hydrox¬

ylase activity with and without ascorbic acid.

A sample containing 1 jig

authentic dopamine (——), a standard reaction mixture containing 10
pmoles tyramine and 0.076 tyramine hydroxylase units was stopped after 2
minutes (-) f and the proceeding mixture plus 2 pnoles ascorbic acid
stopped after 2 minutes (-).
np.

Einission wavelength was set at 372.5

Fluorescence was measure^ in relative units.

-30.
unknown compound was not formed at all by this aged preparation (fig 10).
The results of kinetic studies of dopamine formation are shown in
Figure 11.

In the absence of ascorbic acid, dopamine slowly accumulated

to the level of 3.0 ^ig/ml after 10 minutes, but in the presence of 0,2
>iMolar ascorbic acid there was a rapid accumulation of dopamine to over

3.8 /lg/ml in the first 4 minutes, after which the level of dopamine
remained constant.
Typical of most PP0 enzymes, the oxidation of both dopamine and
tyramine stopped before complete utilization of substrate (fig 12,13).
The oxidation of dopamine proceeded, however, upon the addition of more
enzyme to the reaction mixture (fig 12).

Tyramine hydroxylase inhibi¬

tion, in contrast, was not overcome by the addition of fresh enzyme (fig
13).

One possible explanation for the failure of added enzyme to cata¬

lyze any further oxidation of tyramine was accumulation of some inhibi¬
tory reaction product.

To test this hypothesis, a reaction mixture was

set up which contained a large excess of substrate (fig 13).

The reac¬

tion was initiated by the addition of 0.047 tyramine hydroxylase units
in 25 /lliters.

After the usual lag and the following period of rapid

oxidation the reaction stopped abruptly, as was typical for tyramine
oxidation.
added.

At this point, 0.094 units more of enzyme in 50 ^liters were

There was a slight increase in absorbancy following addition of

the fresh enzyme and then no activity for the next 5 minutes.

After

this period of total inhibition, the reaction mixture was diluted 1 to 3.
Oxidation of tyramine proceeded without a detectable lag at the same
rate as the initial reaction, suggesting the dilution of an inhibitory
faotor permitting the reactivation of the oxidizing system.

■31-

Figure 10.

Comparison of activation spectra of dopamine and the product

of the stored preparation of tyramine hydroxylase activity with and
without added ascorbic acid.

A sample containing 10 ug/ml authentic
*

dopamine (———), a standard reaction mixture containing 10 jimoles
*

.

»

tyramine and 28 units tyramine hydroxylase activity stopped after 10
minutes (-), and the proceeding mixture plus 0.6 umoles ascorbic
•

acid stopped after 10 minutes (-).

I.

The Fraction VI enzyme used in

this experiment had been stored for 2 months at -20°.

Emission wavelength

was set at 380 mp, and the fluorescence measured in relative units.

-32r

Figure 11.
cally.

Time course of dopamine formation as measured fluorometri-

The standard reaction matures contained 0.030 units of tyramine

hydroxylase activity and 10 ^pmoles tyramine without added ascorbic acid
(---); and addition of 0.6 pnoles ascorbic acid (——).

Activation

wavelength was 315 nm and fluorescence emission was determined at 380 mji.
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TIME (MIN)

Figure 12.

Evidence for autoinactivation of dopamine oxidizing system.

Standard reaction mixture contained 1 jumole dopamine and Q, 160 units
dopamine oxidase.

An additional 0.160 units of dopamine oxidase was
/

added to the reaction at the time indicated by the arrow.

i

,

\
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Figure 13.

Inhibition of tyramine oxidation and reversal of the inhibi¬

tion by dilution.

Reaction mixture contained 60 jumoles tyramine, 80

i
/imoles potassium phosphate buffer, pH 6.0 and 0.057 units tyramine
•

%

•

,

%

>

•

hydroxylase in a final volume of 3.0 ml.
enzyme were added at time (A).

,

An additional 0.114 units of

After 5 minutes (point B) /a 1 ml aliquot

/

■

'

of this reaction mixture was transferred to 2 ml of the standard reac¬
tion mixture containing 53 jimoles potassium phosphate buffer.

/

4
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DISCUSSION
In contrast to the banana PPO reported by Palmer (1963) , the ensyme
system reported here was capable of catalysing the hydroxylation of the
monophenols tyramine and tyrosine.

Initially, tyramine oxidising actii

vity was detected in extracts prepared from fresh tissues.

Then, for

unknown reasons, the results could not be reproduced despite repeated
<S»

attempts.

The fact that Palmer worked only with extracts prepared from

fresh tissue may explain his failure to detect monophenolase activity.
A product of the tyramine oxidation reaction was shown by fluorometric analysis to be dopamine.

Although the partially purified ensyme

was not specific for tyramine, it was 20-fold more active toward tyra¬
mine than toward tyrosine.

Tyramine oxidation catalysed by a highly

purified PPO from Vicia faba was reported by Robb, Mapson and Swain
(1965)* but while their preparations showed only slight activity toward

tyramine, they were highly active toward tyrosine,
Tyramine occurs in the banana (Udenfriend, et al., 1959) but no
report of dopa in the banana has been found.

Radioactive tyramine has

been shown to be converted to dopamine (Buckley, unpublished) in banana
pulp.

In light of the results reported here it is reasonable to suggest

that dopamine biosynthesis proceeds via the decarboxylation of tyrosine
to tyramine followed by the hydroxylation of this monophenolic amine to
dopamine.
The hydroxylation of tyramine to dopamine in the absence of an
added hydrogen donor exhibited a definite lag followed by a rapid
t

36reaction.

The reaction kinetics suggest an autocatalytic process in

which some factor produced in the reaction stimulated the reaction rate.
It is generally accepted (Hayaishi, 1962) that the conversion of a mono¬
phenol to a diphenol is an oxidation-reduction reaction requiring both
hydrogen and oxygen donors.

Molecular oxygen appears to be the source

of oxygen in most oxygenase systems (Samuel, 1962).

It has been fre¬

quently reported (Mason, 1956a; Amaud, 1966) that trace amounts of the
o-dihydric phenolic reaction product serves as the hydrogen donor.

This

mechanism would seem plausible and would serve to explain the apparently
autocatalytic reactions characteristically observed in tyrosinase reac¬
tions.

The concept assumes, however, that either there is not an oblig¬

atory requirement for a hydrogen donor in the oxidation of the monophenol, _
or else that trace amounts of a hydrogen donor remain even in a highly
purified PPO system.
The results reported here support the premise that a hydrogen donor
is required for the conversion of tyramine to dopamine.

The lag period

was virtually eliminated in the presence of 0.2 jumolar ascorbic acid.
In contrast to the typical PPO systems, however, the addition of as much
as 5# (w/w substrate) dopamine (88 /ig/ml) caused only a slight reduction
in the lag period and may have been due to the oxidation of the dopamine,
per se.

On the basis of these observations it seems unlikely that dopa¬

mine functions as the hydrogen donor in this system, unless it is only
enzymatically produced dopamine which is functional.
The dopamine oxidizing

fraction of the enzymatic system reported

here underwent a typical PPO-type autoinactivation.

That is, during the

course of oxidizing dopamine, the enzyme was inactivated.

That this was

due to enzyme inactivation and not to substrate depletion or accumulation

-37of inhibitor* is evinced from the observation that the addition of fresh
.

%

enzyme resulted in a further oxidation of dopamine.

The mechanism of

this inactivation of the catecholase function of the enzyme has not been
established.

Other workers, as elaborated by Ingraham (1966), have sug¬

gested various explanations but the problem requires further attention.
The tyramine hydroxylase function of the enzyme preparation also
underwent an apparent reaction inactivation.

The inhibition of tyramine

oxidation appears to differ from the classical tyrosinase reactioninactivation in several respects.

First, the inhibition of tyramine

oxidation was abrupt and virtually complete.

Second, the inhibition was

not overcome by the addition of more enzyme but was reversed by dilution
of the reaction mixture (fig 13).

Those observations can be interpreted

in terms of the accumulation of a reaction product which is inhibitory
only at certain critical levels.

This inhibition would be analogous to

the inhibition of glutamic dehydrogenase by diethylstilbesterol in the
presenoe of L-leucine.

In this latter case, the enzyme was inhibited by

the hormone only when L-leuoine reached a certain critical level
(Tomkins and Lemone, 1962).
The nature of the postulated tyramine hydroxylase inhibitor is not
known.

Several points suggest, however, that it was not dopamine.

The

dopamine oxidizing activity was 20-fold greater than the tyramine hydrox¬
ylase and therefore present in great excess in all tyramine reactions.
Although the catecholase function was itself subject to inactivation
there was in theory more than enough of this enzyme present to oxidize
the dopamine produced by the hydroxylase.

The fact that as much as 30

jxg dopamine/ml neither stimulated nor inhibited the tyramine hydroxylase
also suggests that dopamine was not inhibitory.
*

No more than 10 ^ig

-38
dopamine/ml was ever detected by fluorometrlo analysis in long tern
reactions (cf fig 10).

Although it is possible that only enzymatically

produced and protein-bound dopamine was inhibitory, this explanation is
not consistent with the observation that dilution restored full activity
(fig 13).

It is not logical that protein-bound dopamine could diffuse

away from the ensyme in dilute solution without observing the reverse
process with exogenous dopamine.
It is possible that tyramine oxidation stopped because of the deple¬
tion of dissolved Og# if one assumes that the enzyme had a very leer
affinity for the O2.

If this occurred, hewever, atmospheric oxygen

would slowly go into solution and the reaction should continue at a slew
but detectable rate.

Mo evidence of this possibility was noted.

The results of the present investigation do not indicate whether
the banana PPO system is a multi-enzyme complex or a mixed function oxi¬
dase (Mason, 1956b).

The reaction kinetics and inhibition characteris¬

tics indicate that the tyramine and dopamine oxidising activities are
different.

Nevertheless, the two activities could be on the same as

well as different proteins.

There is no evidence, either, for how dopa¬

mine accumulates in the banana.

It does, however, provide a system

which may serve as a model for further study of diphenol synthesis in
plant tissues.

$ % .
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SUMMARY

An ensyme system from banana fruit was partially purified and
characterised.

The ensyme was capable of catalysing the hydroxylation

of tyramine to form the diphenol, dopamine.

Unlike classical tyrosin-

ases the reaction was not stimulated by catalytic amounts of diphenol.
Ascorbic acid, however, stimulated the rate of reaction and the accumu¬
lation of dopamine.

Tyr amine hydroxylase activity was reversibly inhi¬

bited after a period of maximum activity by a material believed not to
be dopamine.
\

/■'

•

V

-

J-

-40

LITERATURE CITED

Amaud, Y.
1966. Effect of
irradiation on tyrosinase system. Com¬
missariat a l*Energie Atomique - Departement de Biologic Centre dfEtudes
Nucleaires de Saclay - B.P. n° 2, 91 - Gif-sur-Yvette.
Asimov, I. and C. R. Dawson.
1950, Inactivation of tyrosinase in
aerobic oxidation of catechol. J. Am. Chera. Soc. 72:820.
Bendall, D. S. and R. P. F. Gregory.
1963. Purification of phenol oxi¬
dases. In: Enzyme Chemistry of Phenolic Compounds. J, B, Pridham, ed.
The Macmillan Co., New York, p 7-24.

Bernhein, F., K. M. Wilbur, and C. B. Kenaston. 1952. The effect of
oxidized fatty acids on the activity of certain oxidative enzymes. Arch.
Biochem. Biophys, 38:177*
Bouchilloux, S., P. McMahill, and H. S. Mason. 1963.
mushroom tyrosinase. J. Biol. Chem. 238:1699-707.

Multiple forms of

Brown, S. A.
1964. Lignin and tannin biosynthesis. In: Biochemistry
of Phenolic Compounds. J, B. Harborne, ed. Academic Press, New York.
P 361-98.
Carlsson, A. and B, Waldeck.
1958. A fluorometric method for the deter¬
mination of dopamine, Acta Physiol. Scand, 44:293-98.
Chen, Y. M. and W. Chavin.
1965. Radiometric assay of tyrosinase and
theoretical considerations of melanin formation. Anal, Biochem. 13:234258.
Conn, E, E.
1964, Enzymology of phenolic biosynthesis. In: Biochemis¬
try of Phenolic Compounds, J, B. Harborne, ed. Academic Press, New York.
P 399-435.
Daly, J. W.
1967, Phenolic mediators of animal metabolism. In: Phenol¬
ic Compounds and Metabolic Regulation. B, J, Finkle and V. C. Runeckles,
eds. Appleton Century Crofts, New York, p 26-66.
Dressier, H. and C. R. Dawson.
1961. On the nature and mode of action
of the copperprotein, tyrosinase. Biochim. Biophys. Acta 45:515-24.
Finkle, B. J.
1967. Patterns of phenolic mediation in plants and ani¬
mals. In: Phenolic Compounds and Metabolic Regulation. B. J* Finkle,
ed. Appleton-Century-Crofts, New York, p 2-24.

-41Fling, M., N. H. Horowitz, and S. F. Hernemann.
1963. The isolation
and properties of crystalline tyrosinase from Neurospora. J. Biol. Chem.
238:6, 2045-53.
Frieden, E. and M. Ottesen.
1959. A simplified method for the purifi¬
cation of mushroom polyphenoloxidase, Biochim, Biophys. Acta 34:248-51,
Friedman, S. and S. Kaufman.
1965. 3*4-dihydroxyphenylethylamine Bhydroxylase, J. Biol. Chem. 240:4763-73.
Hare, R. C.
1966. Physiology of resistance to fungal diseases in
plants. Botan. Rev. 32:95-137.
Hayaishi, 0.
1962. History and scope.
ed. Academic Press, New York, p 1-29.

In: Oxygenases.

0. Hayaishi,

Ingraham, L. L.
1955. Reaction-inactivation of polyphenol oxidase:
catechol and oxygen dependence. J. Am. Chem. Soc. 77:2875-6.
Ingraham, L. L.
1966. Enzymatic activation of oxygen. In: Comprehen¬
sive Biochemistry. M. Florkin and E. H. Stotz, eds. Elsevier Publishing
Co., New York, Vol, 14: p 424-46.
Jolley, Jr., R. L. and H. S. Mason.
1965. The multiple forms of mush¬
room tyrosinase. J. Biol. Chem, 240:1489-91.
Kertesz, D. and 0. Azzopardi.

i960.

Bull. Soc. Biol. 42:270.

Kertesz, D. and R. Zito.
1962. Phenolase,
ed. Academic Press, New York, p 307-5^.

In: Oxygenases.

0. Hayaishi,

Makower, R. U.
1964. Effect of nucleotides on enzymic browning in pota¬
to slices. Plant Physiol. 39:956-59.
Mallette, M. F,, S. Lewis, S. R. Ames, J. M. Nelson, and C. R. Dawson.
1948. The preparation of mushroom tyrosinase. Arch. Biochem. 16:283-89.
Mason, H. S.
1956a.
Nature 177:79.

Structures and functions of the phenolase complex.

Mason, H. S.
1956b. Abstracts 130th Meeting, American Chemical Society,
Atlantic City, New Jersey, p 5.
Mason, H. S.
1957. Mechanism of oxygen metabolism. In: Advances in
Enzymology. F. F, Nord, ed. Interscience Publishers, New York, Vol, 19*
P 79-233.
Mason, H. S.
1959. Structure of melanins. In: Pigment Cell Biology.
M. Gordon, ed. Academic Press, New York, p 563-82.
Miller, W. H. and C. R. Dawson.
Mitchell, H. K. and U. M. Weber.
Science 148:964-5.
$

19^1.

1965.

J. Am. Chem. Soc. 63:1168.
Drosophila phenol oxidase.

-42Nagatsu, T.# M, Levitt, and S. Udenfriend,
J. Biol. Chem. 239:2910-17.
Nair# P. M. and L. C, Vining.
ach. Phytoohem. 4:161-68.

1965.

1964,

Tyrosine hydroxylase,

Cinnamic acid hydroxylase in spin¬

Neish, A. C.
1964. Major pathways of biosynthesis of phenols. In:
Biochemistry of Phenolic Compounds, J, B. Harbome, ed. Academic Press.
New York, p 295-359.
Palmer, J. K.
1963. Banana polyphenoloxidase. Preparation and proper¬
ties, Plant Physol. 38:508-13.
Pisano, J. J,, C. R, Creveling, and S. Udenfriend.
i960. Enzymic con¬
version of p-tyramine to p-hydroxyphenylethanol amine (norsynephrin).
Biochim. Biophys. Acta 43:566-68.
Pomerantz, S. H.
1966. Tyrosine hydroxylase activity of mammalian
tyrosinase. J. Biol. Chen. 241:161-68.
Robb, D. H., L. W. Mapson, and T, Swain.
1965. On the heterogeneity of
the tyrosinase of broad bean (Vicia faba L.). Phytochem. 4:731-40.
Samuel, D.
1962. Methodology of oxygen isotopes.
Hayaishi, ed. Academic Press, New York, p 32-86,
Smith, J. L. and R. C. Krueger. 1962.
the phenolases of the common mushroom.

In: Oxygenases,

0.

Separation and purification of
J. Biol. Chem. 237:1121-28.

Smith, J. W. and N. Kirshner.
i960. Enzymatic formation of noradren¬
aline by the banana plant. J. Biol. Chem. 235:3589-91.
Sourkes, T. L. and L. J. Poirier.
1966. Neurochemical bases of tremor
and other disorders of movement. Canad. Med. Ass. J. 94:53-60.
Tompkins, G. M. and K. Lemone.
1962. Regulation of the enzymic acti¬
vity of glutamic dehydrogenase mediated by changes in its structure.
In: Cold Spring Harbor Symposium on Quantative Biology. Leonora Frisch,
ed. Long Island Biological Association, Inc. Vol. XXVI, p 331-41.
Udenfriend, S. W., W. Lovenberg, and A. Sjoerdsma.
1959. Physiologi¬
cally active amines in common fruits and vegetables. Arch. Biochera.
Biophys. 85:487-90.
Walker, J. R. L.
1962.
N.Z. J. Sci. 5016-24.

Studies on the enzymic browning of apple fruit.

Walker, J. R. L.
1964. Studies on the enzymic browning of apples.
Aust. J. Biol. Sci. 17:360-71.
Warburg, 0. and W. Christian.
1942. Isolierung und Kristallisation des
Garungsferments Enolase. Biochem. Z. 310:384.

-43Wood, B. J. B. and Ingraham, L. L.
1965* Labelled tyrosinase from
labelled substrate. Nature 205:4968, p 291-92.
Woolley, 0. W,
1962. The Biochemical Bases of Psychoses; or, the Sero¬
tonin Hypothesis about Mental Diseases. John Wiley and Sons, Inc., New
York,

\

1

A

-44-

ACKNOWLEDGEMENTS

The author wishes to acknowledge the help of those aiding in the
preparation of this thesis.

The following are to be especially thanked:

Dr. H. V. Marsh, Jr. for his patient guidance and encouragement which
made the entire project possible; Dr. W. J. Bramlage and Dr. S, J.
Lyford, Jr. for their many helpful suggestions in the laboratory and in
the preparation of the manuscript; and my wife for her assistance
throughout the entire project.
.

1

4

A "

✓

V
4

-45-

/

